An rf-SQUID is operated at high frequency around its resonant frequency to obtain the magnetic signal. The resonant frequency of the rf-SQUID depends on the shape of the superconducting films. The resonant frequency of the rf-SQUID having the outer diameter of 3.5 mm with the straight slit was 1100 MHz when it was excited without a substrate resonator. It was too high to operate for our using electronics. It was desirable to reduce the resonant frequency while keeping the size of the rf-SQUID small. In this paper, the slit length in the rf-SQUID was focused on. The relation between the resonant frequency and the slit length was investigated by the electromagnetic simulations and the experiments. The meandered slit was proposed as the design of the slit in the rf-SQUID. This design made the slit length longer than that with the straight slit, while the outer diameter of the rf-SQUID was fixed at 3.5 mm. The rf-SQUID having the longer slit length showed the lower resonant frequency. The rf-SQUID with the meandered slit, of which length was 5.1 mm, could be operated at 550 MHz around its resonant frequency. In addition, the low-frequency noise of the rf-SQUID with the meandered slit was smaller than that with the straight slit due to smaller effective area.
Introduction
An rf-SQUID is used for various magnetic sensing applications because of easy handling. The rf-SQUID is generally used with a substrate resonator, which plays roles of flux focuser and adjuster of the resonant frequency [1] . For most of the applications measuring the flux density, the larger effective area is advantageous to the higher field sensitivity. In our group, an STM-SQUID microscope has been developed, in which an rf-SQUID magnetometer was combined with a scanning tunneling microscope (STM) by using a needle probe with high permeability (diameter: 90 μm), to obtain the magnetic images of various magnetic samples with good spatial resolution [2, 3] . The needle probe magnetically couples the samples to the SQUID hole, and transfers the local magnetic flux from the samples. The magnetic coupling between the SQUID and the probe is important in this microscope. The outer diameter of the SQUID need not be large such as 10 mm. Even if the outer diameter becomes smaller than a few mm, the magnetic coupling between the SQUID hole and the probe is not drastically changed. It is assumed that rf-SQUID with the smaller outer diameter is preferable to reduce the environmental noise. It is well known that the designs of rf-SQUIDs or substrate resonators affect their resonant frequency [4] - [6] . In our previous work, the washer-type rf-SQUID with large outer diameter could be operated at the moderate resonant frequency without using a substrate resonator. The rf-SQUID with the larger outer diameter showed the smaller resonant frequency but the larger effective area [7] . In this work, we focused on the slit to reduce the resonant frequency while keeping the outer diameter small. The dependence of the resonant frequency on the slit length of the rf-SQUID was investigated by the electromagnetic simulations. From the simulation result, a SQUID with a meandered slit was fabricated. It could be operated without using a substrate resonator within the operation frequency range of our using electronics with the effective area kept small.
Designs of rf-SQUIDs
Rf-SQUIDs and a substrate resonator were made of a 120 nm thick YBa2Cu3Oy (YBCO) thin films deposited on a 1 cm square SrTiO3 (STO) substrates (the bicrystal substrate for the rf-SQUID, and the single crystal substrate for the resonator) with thickness of 0.5 mm by a pulsed laser deposition method. Our previous rf-SQUID with the outer diameter of 3.5 mm, which is almost the same as general design, had the straight slit as shown in Fig. 1(a) . The rf-SQUID pattern consisted of the SQUID square hole (100 × 100 μm2) and the slit with 10 μm width. It needed a resonator to operate it by the SQUID electronics whose operating frequency range is 450 -900 MHz (HTSL-RF-SQUID-ELECTRONIK ver.5, Jülicher SQUID GmbH). The substrate resonator, as shown in Fig. 1(b) , was adopted in our group. The hole diameter and the slit width were 1.5 mm and 0.5 mm, respectively. The resonant frequency for the rf-SQUID with the straight slit was ~1100 MHz without using the substrate resonator, whereas the frequency was ~650 MHz with using the resonator. To reduce the resonant frequency with keeping the outer diameter of the rf-SQUID, the slit length was focused on in this work. The meandered slit structure was newly proposed, as shown in Fig. 1(c) . The length of the meandered slit can be flexibly changed by adjusting the length of 'a', which is related with the turn number, and 'b' in Fig. 1(c) . The design was the same as our previous rf-SQUID except the slit pattern. The outer diameter of the rf-SQUID with the meandered slit was set at the same size of 3.5 mm as our previous rf-SQUID with the straight slit for their comparison. The simulations for the resonant frequency of rf-SQUIDs were carried out by a method of moment electromagnetic simulator (FEKO, EM Software & Systems). The YBCO films of the rf-SQUID, the STO substrate, and the readout coil were modeled. In the model, a YBCO thin film was set to the perfect conductor, the relative dielectric constant of the STO substrate was set at 2000, and the coil was set to the single turn copper wire connecting a feeding point. The coil was placed above the center of the rf-SQUID at a height of 0.5 mm from the YBCO film surface. The voltage of 1 Vrms was applied to the coil. The mesh size of the models was paid attention to, because it affected the bandwidth of the resonance. The S11 parameter was calculated for each model. From the S11 spectrum, each resonant frequency was defined at the deepest dip, representing the resonance.
For the actually fabricated rf-SQUIDs, the S11 spectra were also measured to determine the resonant frequency by using a network analyzer (E5061A, Agilent Technologies, measurement frequency range: 300 k -1.5 GHz), and their noise density spectra from the electronics under the FLL control were measured by using a vector signal analyzer (89410A, Agilent Technologies). The gap distance between the rf-SQUID and the readout coil was kept at ~0.5 mm. The rf-SQUID was fixed in a Dewar bottle to cool it with liquid nitrogen. They were placed in three-layered magnetic shield inside the shielded room. The network analyzer or the electronics outside the shielded room was connected to the readout coil with ~2 m long coaxial cable.
For the rf-SQUIDs with the outer diameter of 3.5 mm, the relations between the slit length and the resonant frequency were investigated by changing their slit length.
Resonant frequency dependence on slit length of rf-SQUIDs
The length parameters of rf-SQUIDs for the meandered slit design (Type 1 -9) and the straight slit design (Type 10) for the simulations are listed in Table 1 . The slit length ℓ of the rf-SQUID with the meandered slit was changed from ~2 to ~5.7 mm by changing the value of 'a' or 'b' in Fig.1(c) . Fig.2 shows the simulation result of the resonant frequency dependence on the slit length ℓ, plotted as the open circles. The resonant frequency was reduced as increasing the slit length. The simulation result indicated that the rf-SQUID of Type 1 -6 could be operated without a resonator within the operation frequency range of our using FLL electronics. Then, the rf-SQUID with the meandered slit of Type 2, whose resonant frequency was estimated at around 620 MHz from the simulation, was actually fabricated to compare the simulation result. The resonant frequencies of the rf-SQUID with the straight slit (Type 10, as shown in Fig. 3(a) ) and the rf-SQUIDs with the meandered slit (Type 2, as shown in Fig. 3(c) ) without using a resonator were 1,100 MHz and MHz, respectively, which were also plotted as the closed circle in Fig. 2 . The rf-SQUID with the meandered slit could be successfully operated without using a resonator within the frequency range of our using electronics even though the outer diameter was 3.5 mm. In addition, the resonant frequency tendency of the experiment result was very similar to the simulation result. Therefore, the simulation should be valid to investigate the resonant frequency. 
Noise density comparison between rf-SQUIDs
The noise density spectra were measured to investigate the difference between the two rf-SQUIDs. Fig.4(a) and (b) show the noise density spectra of the rf-SQUID with the straight slit (Type 10) with using the substrate resonator, and that of the rf-SQUID with the meandered slit (Type 2) without using a resonator, respectively. The white noise levels of the two rf-SQUIDs obtained from the spectra are listed in Table 2 together with the measured values of these effective areas. The values of these white noise levels were almost same. However, the low-frequency noise of the rf-SQUID with the meandered slit was clearly smaller than that of the rf-SQUID with the straight slit with using the resonator. On the other hand, the effective area of the rf-SQUID with the meandered slit was about half as large as that with the straight slit. The difference of these effective areas was related with whether or not the substrate resonator was used, because the YBCO film of the resonator increased the effective area though the outer diameters of the two rf-SQUIDs were same. Because the low-frequency noise was decreased depending on the effective area. The low-frequency noise is attributed to the environmental noise in this case.
(a) (b) Fig.4 (a) Noise density spectra of the rf-SQUID with the straight slit (Type 10) with using the substrate resonator, and (b) the rf-SQUID with the meandered slit (Type 2) without using a resonator. Table 2 . White noise densities and effective areas of the two rf-SQUIDs shown in Fig.4 
Discussion
The larger effective area of the rf-SQUID is generally important for most of magnetic sensing applications, because SQUIDs are required to gather the magnetic flux from wider area to get higher magnetic sensitivity. However, it is opposite case for the STM-SQUID microscope. It is important for the rf-SQUID to detect magnetic field only from the probe, which guides the magnetic flux from the sample surface. There is no problem even if the effective area is small, as long as the magnetic transfer efficiency through the probe does not change.
In addition, in the STM-SQUID microscope, the magnetic images are obtained by directly mapping the FLL output voltage from the rf-SQUID. The typical required band width in the microscope ranges from DC to less than 50 Hz though the band width depends on the scan speed. It means that the images include the low-frequency component, possibly influenced by the environmental noise. If the rf-SQUID with a meandered slit is applied to the STM-SQUID microscope, the signal to noise ratio of the magnetic images is expected to be improved.
Summary
The resonant frequency of the general rf-SQUID with the straight slit is high when the outer diameter is small. In this study, an rf-SQUID with a meandered slit was proposed to reduce the resonant frequency while keeping the outer diameter small without using a resonator. The experiment and simulation results indicate that resonant frequency of the rf-SQUID depends on the slit length. The rf-SQUID having the outer diameter of 3.5 mm with the meandered slit, of which length is 5.1 mm, was successfully operated without using a resonator. Its resonant frequency was 550 MHz, which is in controllable range of our FLL electronics. The environmental noise of the rf-SQUID with the meandered slit without using a resonator was smaller than that of the rf-SQUID with the straight slit with using the substrate resonator. It should be useful for improving the performance of the STM-SQUID microscope. 
